Introduction-HER2 overexpression/amplification is identified in up to 40% of uterine serous carcinomas (USC) and 10% of ovarian serous carcinomas (OSC). However, clinical trials using various HER2-targeted agents failed to show significant responses. FDA-approved HER2 assays target only the protein's intracellular domain (ICD) and not the extracellular domain (ECD). Previous quantitative studies in breast cancer by our group have shown that ICD of HER2 is expressed in some cases that do not express the HER2 ECD. We measured HER2 ICD and ECD in USC and OSC samples, and determined their relationship with clinico-pathologic characteristics and survival.
Introduction
HER2 overexpression/amplification is observed in approximately 40% of uterine serous (USC) [1] [2] [3] and 20% of ovarian serous carcinomas (OSC) [4] . Current College of American Pathologists (CAP) guidelines for HER2 testing in breast and gastric cancer include chromogenic immunohistochemistry (IHC) and in situ hybridization (ISH) methods [5, 6] . However, evaluation of HER2 IHC is subject to diverse methodological and interpretative challenges [7] .
Despite high levels of HER2 present in these malignancies, 2 early phase clinical trials in patients with HER2-positive ovarian and endometrial tumors failed to show positive results and found objective responses in 7.3% and 0%, respectively [8, 9] . Although methodological concerns have been raised [10] , decreased response rates as compared to breast cancer may also be explained by the expression of oncogenic C-terminal fragments of HER2 (p95-HER2) potentially arising from protein cleavage or alternative initiation of translation [11, 12] . Recent studies [13, 14] using proprietary, quantitative methodology, found no correlation between p95 HER2 expression and HER2/CEP17 ratio (R 2 = 0.0029) and a weak correlation between p95HER2 levels and total HER2 protein (R 2 = 0.15), suggesting that traditional HER2 IHC and ISH screening will not identify this cases. Notably, such alternative HER2 forms cannot be targeted by trastuzumab, which binds the extracellular domain (ECD). Current U. S. Food and Drugs Administration (FDA)-approved antibody assays for HER2 detection target only the intracellular domain (ICD) and not the ECD of the protein, and therefore, are unable to distinguish these fragments from the full length protein.
A recent study by our group showed that HER2 ICD and ECD are differentially expressed in HER2-positive breast malignancies [15] . Additionally, we found that benefit from trastuzumab treatment might be modulated by the ECD levels. Using a cohort of patients treated with chemotherapy and trastuzumab in the adjuvant setting, we showed that ECD, but not ICD measurement, was associated with increased 5-year disease-free survival (DFS). Moreover, while patients with low HER2 ICD levels did not have differences in survival with respect to cases with high ICD and low ECD expression, quantification of HER2 ECD in the ICD-high population did significantly stratify benefit from therapy. On the same line, a study including a metastatic cohort and quantitative p95 measurement [13] showed that estrogen receptor-positive patients with p95 levels above a pre-specified cut-point had worse progression-free and overall survival after trastuzumab treatment. Another study in the neoadjuvant setting using the same approach [14] , p95HER2 levels were predictive of pathologic complete response in patients treated with trastuzumab or the combination of trastuzumab and lapatinib. In this study, we systematically examined HER2 ICD and ECD expression in human USC and OSC, using previously standardized assays, an established quantitative immunofluorescence method (QIF) and objective cut-points associated with response to trastuzumab in breast cancer. We assessed HER2 ICD/ECD levels and determined their associations with clinico-pathological characteristics and survival.
Methods

Patient cohort and tissue microarray construction
Two retrospective, stage I-IV uterine (USC) and ovarian high grade serous carcinoma (OSC) cohorts represented in tissue microarray (TMA) format, were used in this study (USC N = 102; OSC N = 175). Cases were collected between 1981 and 2014. Clinico-pathologic information from patients was obtained from clinical records and pathology reports, and it is summarized in Supplementary Table 1 . Tissue specimens were included in a TMA as described [16] . Briefly, representative areas from primary tumors were selected in hematoxylin/eosin-stained preparations by a pathologist (D. C.) and 0.6 mm cores were obtained using a needle and arrayed in a recipient block. To increase representation and capture possible marker heterogeneity, 4 cores obtained from different areas of each tumor were included in the TMAs. Sections of the resultant TMA were cut and transferred to glass slides for histology processing and staining. Tissues were collected with specific consent or waived consent under the approved Yale Human Investigation committee protocol #9505008219.
Antibodies and immunofluorescent staining
Fresh TMA cuts were deparaffinized at 60 °C for 20 min, then incubated twice in xylene for 20 min. Antigen retrieval was performed with citrate buffer pH 6.0 at 97 °C for 20 min in a pressure-boiling container (PT Module, Lab Vision, Thermo Scientific, Waltham, MA, USA). Endogenous peroxidase activity was blocked with 2.5% hydroxyl peroxide in methanol for 30 min, followed by blocking with 0.3% bovine serum albumin in 0.1 mol/L of Tris-buffered saline for 30 min at room temperature. HER2 staining was carried out using U. S. Food and Drugs Administration (FDA)-approved companion diagnostic clone CB11 (mouse monoclonal antibody, Biocare Medical, Concord, CA, USA) against the intracellular domain (ICD) and clone SP3 (rabbit monoclonal antibody, Spring Biosciences, Pleasanton, CA, USA) against the extracellular domain (ECD) at an optimized titer (clone CB11: 10.4 µg/mL; clone SP3: 1:100), as previously reported by our group [15] . Slides were incubated overnight at 4 °C with primary antibodies and with cytokeratin at 1:100 dilution (polyclonal rabbit anticytokeratin, wide spectrum screening and monoclonal mouse antihuman cytokeratin clone AE1/AE3, Dako North America, Inc., Carpinteria, CA,USA). Sections were then incubated for 1 h at room temperature with Alexa 546-conjugated goat anti-rabbit or goat anti-mouse secondary antibodies (Molecular Probes, Eugene, OR, USA) diluted 1:100 in mouse or rabbit EnVision amplification reagent (Dako). Cyanine 5 (Cy5) directly conjugated to tyramide (Perkin-Elmer, Waltham, MA, USA) at 1:50 dilution was used for target antibody detection. ProLong mounting medium (ProLong Gold; Molecular Probes) with 4,6-diamidino-2-phenylindole (DAPI) was used to stain nuclei.
Fluorescent measurement and scoring
QIF was performed using the AQUA method [17] [18] [19] . Briefly, the QIF scores for HER2 CB11 and SP3 in the tumor compartment were calculated by dividing the target compartment pixel intensities by the area of cytokeratin positivity. QIF scores were normalized to the exposure time and bit depth at which the images were captured, allowing scores collected at different exposure times to be comparable. All acquired TMA histospots were visually evaluated and cases with staining artifacts or <1% tumor (cytokeratin staining) were excluded from the analysis.
Cut-point selection and statistical analysis
Joinpoint software [20] (version 4.04, National Cancer Institute) was used to obtain distribution-based cut-points in a previously characterized HER2 standardization TMA [15] . These cut-points were used to stratify HER2 CB11 and SP3 protein scores in low and high statuses. Protein levels were compared using linear regressions coefficients (R 2 ). Patient characteristics were compared using χ 2 test. Survival functions were compared using Kaplan-Meier estimates, and statistical significance was determined using the log-rank test. Disease-specific survival (DSS) data was available for all patients. Statistical analysis was carried out using GraphPad Prism v6.0 software (GraphPad Software, Inc., La Jolla, CA, USA) and JMP 11 software (SAS Institute, Cary, NC, USA). All P values were based on two-sided tests, and all values under 0.05 were considered statistically significant.
Results
In uterine and ovarian serous carcinoma samples, HER2 showed a wide dynamic range of signal. In Fig. 1 , bar charts depict the score distribution for HER2 ICD/ECD in USC and OSC (A, C and B, D, respectively). Overall, HER2 protein levels for both ICD and ECD were higher in USC than OSC. While the ICD showed a continuous range of scores in both USC and OSC, HER2 ECD presented a more bimodal distribution. Panels E and F show a positive relationship between scores from ECD and ICD scores in USC (R 2 = 0.67) and OSC (R 2 = 0.58), respectively. Using previously validated cut-points, 8% of USC (6/75 cases) and 42% of OSC (29/69 cases) showed high ICD levels while expressing low ECD. As shown in Supplementary Table 2, HER2 ICD were tightly correlated across 4 tumor cores in USC and OSC indicating limited intra-tumor heterogeneity of HER2 in these malignancies (average inter-core R 2 = 0.82 and 0.81, respectively). The same was true for ECD scores (average inter-core R 2 = 0.84 and 0.92, respectively [Supplementary Table 3] ). Fig. 2 illustrates representative USC and OSC cases with different HER2 ICD and ECD protein levels. Staining was observed in the tumor compartment, with membranous/cytoplasmic pattern. HER2 ICD/ECD status was not associated with major clinico-pathological characteristics in USC and OSC (Table 1) .
In univariate survival analysis, HER2 ICD and ECD levels did not stratify outcome in USC (log-rank P = 0.24 [Supplemental Fig. 1D ]. However, patients with high HER2 ICD levels exhibited a trend toward better disease-specific survival.
The same pattern was observed when only advanced stage cases were tested for survival (Supplemental Fig. 2 ).
Discussion
Here, we report the measurement of HER2 ICD and ECD in uterine and ovarian serous carcinomas using QIF in formalin-fixed, paraffin-embedded tissues. Using objective methods and cut-points associated with response to adjuvant trastuzumab in breast cancer [15] , we found that over 8% of USC and 42% of OSC express high levels of HER2 ICD, while having low levels of ECD. Additionally, we showed that USC have overall higher HER2 levels than OSC.
The loss of HER2 ECD has been previously studied in uterine serous malignancies. Todeschini et al. [21] found high levels of HER2 ECD in culture supernatants of HER2-positive USC cell lines. Also, they analyzed serum samples of patients harboring HER2-positive and negative USC, along with healthy donors. HER2 ECD levels did not differ between HER2-negative USC patients and healthy controls, but were significantly higher in HER2-positive USCs. A recent article by Growdon et al. [22] showed that 53% of high grade endometrial carcinomas with HER2 overexpression have high levels of p95-HER2. The authors used the proprietary, centralized VeraTag platform (Monogram Biosciences, San Francisco, CA. USA) and pre-specified cut-points. In accordance with our results, they did not find associations with stage or survival in these tumors.
Fewer data are available in ovarian cancer. A recent study by Montero et al. [23] showed that HER2 was the most frequently activated receptor tyrosine kinase in 16 ovarian cancer patient samples, 3 of which were serous carcinomas. In vitro, they found that lapatinib did not decrease cell proliferation in OVCAR8 (pure serous phenotype). Interestingly, this cell line was resistant to trastuzumab and pertuzumab, but not to T-DM1, while displaying high levels of pHER2 by immunoblot. Measurement of p95 was not available. Alternative mechanisms of primary resistance to trastuzumab, such as oncogenic PI3KCA mutations [24] , alone or in conjunction with expression of C-terminus HER2 fragments might explain these results. T-DM1 might still be effective in this cell line, as the maytansinoid derivate can accumulate inside the cells after binding the full length HER2 protein.
Our study has a number of limitations. A major limitation is that it includes only retrospectively collected tissues with different treatments and variable follow up. A second issue is that the use of TMAs can underestimate or overestimate the levels of HER2 ICD/ECD due to tumor heterogeneity. We attempted to address this problem by testing 4 distant tumor cores and finding a high correlation between their scores. Ultimately, these observations will need to be validated on conventional whole tissue sections. Lastly, our study did not include a second set of USC/OSC cases for validation, patients treated with anti-HER2 therapies or response to treatment data. Presently, we wait for the results of Serous Cancer) and hope to test our hypothesis in these multicentric, prospective cohorts with HER2 therapies directed toward ICD and ECD, respectively.
In summary, objective, domain-specific measurement of HER2 ICD and ECD in USC and OSC identifies populations that express low ECD despite being HER2-positive by ICDtargeted antibodies. These patients are unlikely to benefit from trastuzumab and other inhibitors binding the extracellular domain (e.g. pertuzumab, T-DM1), but may benefit from therapies that target the intracellular domain (e.g. lapatinib or afatinib) alone or in combination with other agents. Future studies will have to test the association between HER2 ICD/ECD status and response to targeted treatment.
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HIGHLIGHTS
•
Uterine serous carcinomas have higher HER2 levels than their ovarian counterpart.
• Eight percent of USC have discordant levels of HER2 ICD/ECD.
• Forty-two percent of OSC have discordant levels of HER2 ICD/ECD. Table 1 Clinico-pathological characteristics according to HER2 ICD/ECD status in Yale USC and OSC cohorts. 
